SUMMARY Monozygotic twin girls are reported, one of whom has the typical clinical features of Duchenne muscular dystrophy despite a normal female karyotype. Although certain features of the biopsy were atypical, the clinical diagnosis was supported by persistent markedly raised blood creatine kinase levels and findings typical of DMD on electromyography and magnetic resonance spectroscopy.
Analysis of an X linked DNA polymorphism in 16 independent somatic cell hybrids made between cells derived from each girl and a mouse line suggest that in one twin only the maternal X chromosome is active, whereas in the other the active X was paternally derived. More data are needed to exclude sampling error. These preliminary experimental results support the hypothesis that both girls are heterozygous for Duchenne muscular dystrophy. X inactivation, by chance, resulted in two contrasting cell masses with different active X chromosomes. This segregation was followed by, and may even have resulted in, twinning into a female pair, one normal and one with the full clinical features of the disease.
In 1977 Gomez et al' reported pseudohypertrophic muscular dystrophy in one of monozygotic twin girls. In 1982 Pena et al2 published an abstract giving details of a similar family. In both families there was a history of Duchenne muscular dystrophy. In the first report the unaffected twin had a raised serum creatine kinase level. In the second the clinically normal monozygotic twin sister of the proband gave birth to an affected son. These observations support the contention that such cases arise as a result of an unusual pattern of X chromosome inactivation producing one female in whom nearly all cells expressed the X chromosome with the Duchenne gene.
We report a further case of Duchenne-like, rapidly progressive, pseudohypertrophic muscular dystrophy in one of monozygotic twin girls and extend the hypothesis to suggest that the segregation of cells on the basis of X inactivation might actually have caused monozygotic twinning. Preliminary studies to identify the active X chromosome in the two girls using mouse-human hybrids are presentefi.
These support the hypothesis and make it likely that I the twin pair will be of considerable value in the search for the genetic and cellular basis of Duchenne muscular dystrophy.
I Case report
The proband and her twin sister were born on 11.2.73 to an unrelated European couple. The mother was 27 years of age and the father was 26 years of age at the birth. The mother was aware of strong fetal movement during the pregnancy but at delivery the proband was noted to be a little floppy compared to the second born twin. The proband was recorded to weigh 2-22 kg whereas the subsequent normal twin was 2-39 kg. The placenta was reported l to be single.
I
One older sib, a female, was healthy and there was no significant family history. The mother has no brothers. Early development was unremarkable and the twins were sufficiently similar for the mother to find it difficult to distinguish between them at times. The proband walked at 15 months, five months later than her twin, and was noted to fall more frequently in subsequent years. Her physical disability became more apparent in striking contrast to her twin sister who was chosen to represent her county as a gymnast, and the proband was noted to make somewhat slower progress in her schoolwork. The mother became increasingly concerned at the proband's waddling gait but was unable to obtain specialist assessment until 1981 An open biopsy of the left quadriceps was performed which was initially accepted as being the picture of DMD. Examination by other authorities disputed this and proposed an atypical spinal muscular atrophy. Fig 2 illustrates some of the features. There was loss of normal architecture and excessive connective tissue. There was also enormous variation in fibre size with some fibres up to 200 mu in diameter, a few hyaline fibres, but relatively little active necrosis or regeneration. Many of these normal, surviving, rather large fibres were found to be grouped together and the atrophied fibres were also clustered. These were embedded, however, in far more connective tissue than would be seen in a typical case of spinal muscular atrophy and the other important feature against this diagnosis was that the Clinical review at the age of 12 years 7 months showed loss of mobility. Even with two assistants she was unable to take more than a couple of short steps. Shortening of the tendo achilles, particularly on the right, prevented normal placement of the foot on the ground.
There was minimal facial weakness, and in the limbs and trunk highly selective muscle weakness typical of Duchenne muscular dystrophy was present. There was also severe weakness of neck flexion, latissimus dorsi, deltoids, biceps, triceps, and wrist extension with preservation of the other muscles below the elbow and of the serratus anterior. The rhomboids were very weak while the trapezius and sternomastoids were of intermediate strength. Wasting of the lower part of pectoralis major made it equal in size to the upper part.
In the lower limbs, all muscles acting at the hip were weak and the quadriceps were wasted and weak (MRC grade 4 minus) with better preservation of the hamstrings. Profound weakness of dorsiflexion and eversion of the feet was noted, with preservation of inversion and plantiflexion. The latter imbalance was associated with plantiflexion contractures which were worse on the right. Tendon reflexes were severely diminished in the affected muscles but preserved at the ankles. Hypertrophy of both calves and of the anterior tibialis was noted.
Psychological testing revealed a 14 point discrepancy between higher performance and verbal intelligence quotient (102 and 88) in the affected girl with a lower overall quotient than her twin (94 compared to 112).
Analysis of the electrocardiograph in the normal twin revealed the algebraic sum of R-S in VI to be -3-0 (well within the normal range for a child of 12 years) whereas the affected twin had arf abnormal sum of +1-5.
Somatic cell hybridisation techniques were used to look for non-random X inactivation in the twins. Skin fibroblasts from each girl were fused to the mouse cell line RAG4 which is deficient in hypoxanthine-guanine-phosphoribosyl transferase (HPRT), using polyethylene glycol and selection in HAT medium (hypoxanthine, aminopterin, and thymidine).5 All surviving hybrids must contain an active human X chromosome which carries the gene coding for HPRT. Other chromosomes including the inactive X may be retained by chance but tend to be lost. DNA from hybrid clones was extracted, digested with EcoRI, and subjected to a Southern blotting technique.6 The DNA fragments were then hybridised to probe 782, which maps to Xp22,7 and was kindly provided by Professor P Pearson. Study of DNA from lymphoblastoid lines derived from the twins showed them both to be heterozygous for a polymorphism defined by this probe and the restriction endonuclease EcoRI, the two alleles being represented by fragments of 14 kb and 7 kb. The probe does not cross hybridise with the mouse. The hybrids were scored for the presence or absence of the different alleles of 782; a representative autoradiograph is shown in fig 3. In 13 cases a single band was seen and in six cases with both bands one of the bands was clearly predominant. In one hybrid the two bands were of equal intensity. Having regard to the way in which the hybrids were made it was considered that at least eight hybrids from each twin represented independent fusion events (table 2). The results show clearly that each informative hybrid from the affected twin retained the X chromosome carrying the 14 kb fragment, whereas all those from the normal twin retained the chromosome carrying the 7 kb fragment. The chromosome with the 14 kb marker was derived from the mother and was present in the older sister of the twins. 
Discussion
The clinical course and distribution of muscle weakness and pseudohypertrophy in the affected twin are typical of Duchenne muscular dystrophy. Despite the atypical biopsy features this diagnosis is further supported by the classic myopathic electromyogram, the nuclear magnetic resonance spectra results,3 and the highly characteristic impairment of verbal IQ.8
The algebraic sum of R-S in VI in the affected girl is outside the normal range and is a useful discriminant between a muscular dystrophy and spinal muscular atrophy.9
The occurrence of muscular dystrophy in females is attributed either to unequal lyonisation, such that a female carrier inactivates predominantly the X chromosome with the normal gene, or to the girl suffering from the rare autosomal recessive form of the disorder. it) The presence of a clinically unaffected monozygotic twin sister effectively excludes the latter possibility. Two reasonable hypotheses may be proposed. The first is that X inactivation has occurred, such that by chance all of the cells which have inactivated the maternally derived X chromosome are clustered on one side of the zygote and those using the paternally derived chromosome are on the other. The twinning process could then separate the two cell populations so that one twin would be a manifesting female and the other a totally asymptomatic female carrier. The second possibility is that the zygote was initially genetically normal, but that after fertilisation a chromosomal deletion or translocation involving Xp21l" occurred resulting in, again, a cell line of carrier cells with subsequent uneven lyonisation, causing a cluster of cells all using an X chromosome with the Duchenne type gene.
These two hypotheses would be open to examination if the girls were heterozygous for any expressed gene marker on the X chromosome, such as G6PD.
In thie first hypothesis the girls would be contrasting, with one of the alleles expressed in one girl and the other allele in her twin. In the mutation theory, again the affected twin would manifest a single allele, but the co-twin derived from the remaining mixture of cells should show the normal heterozygote pattern. Unfortunately, G6PD was not informative. Xg and testing for colour blindness also showed no difference between the twins. A direct use of the polymorphic DNA markers is not informative since digestion for this analysis includes the inactivated X.
We have attempted to identify the active X chromosome in a small sample of cells from each twin using the indirect approach of somatic cell hybrids. If it is accepted that the hybrid clones are independent and the results representative, the probability of the results we have obtained occurring by chance is extremely small (1 in 215). An unlikely possibility is that in each girl the biopsy may have hit a large patch of skin derived from a single cell line. Alternatively some selection may have occurred in the fibroblast cultures before the fusions. More hybrids are therefore being constructed using cells from different sites. Another possible approach to this problem would be combined investigation of polymorphism and methylation patterns in one of the heterozygous X linked loci. 12 Further analysis is likely to provide information of value in the genetic counselling of the normal twin, who must be regarded as an obligate carrier on present evidence, and the older sister, who appears to have inherited from her mother the X chromosome which is active in the affected twin.
An important point of theoretical interest is the question of whether the twinning is regarded as a chance event or whether the separation was secondary to the establishment of two distinct cell populations. There is a persisting misconception that human twinning occurs normally at the two cell stage, whereas it is most likely that the two-thirds of monozygotic twin pairs which share placentae do so because twinning occurred after the chorion was defined. This would put it at the blastocyst stage, between the fourth and seventh days of gestation13 and potentially later than the time of lyonisation.
Bocklage13 points out that the idea of splitting the cell mass is probably incorrect and that the more likely event is developmental separation with two populations of cells forming distinct foci of development. This must be the case in monozygotic twinning before four days when the morula is confined within a rigid zona pellucida.
The proposal that unequal lyonisation could predispose to monozygotic twinning is attractive since it means that only one unusual event is postulated. In other words, in every female zygote which is a carrier of DMD there is a small but finite probability that lyonisation will occur in the way described, with the formation of distinct clusters of cells and a consequent predisposition to twinning. A similar explanation may be offered for the female twin pair described by Revesz et al14 in which one manifested the X linked factor IX deficiency (Christmas disease), though in this case the normal twin sister had a factor IX level in the heterozygote range.
This hypothesis may have more general application and in particular may be relevant to the not infrequent observation of monozygotic twins discordant for chromosome abnormalities such as Turner's syndrome. 15 If 'unequal lyonisation' can lead to twinning in the absence of heterozygosity for a disease gene, this should be reflected in a female excess among monozygotic twins; it would represent a cause of twinning unique to female zygotes. While monozygotic twins in general do not show a significant preponderance of female pairs, it has long been recognised that conjoined twins, which are thought to result from very late twinning, are female in about 70% of cases. '6 In conclusion, there is some difficulty in the diagnosis in these girls, and the evidence that the twins are inactivating different X chromosomes needs confirmation. The most likely interpretation, however, seems to be that both twins are heterozygotes for Duchenne muscular dystrophy and that manifestation in one twin is a result of non-random X inactivation. We feel that the potential research value of these twins merits publication at this stage. Fibroblasts and lymphoblastoid lines have been stored for research purposes. It has not escaped our notice that differences in the RNA produced in these lines might allow the identification of an expressed X linked sequence which might be a good candidate for the Duchenne muscular dystrophy gene.
